Background: Inequality in health outcomes in relation to Americans' socioeconomic position is rising.
A mericans who reach the age of 50 years and are in the lowest decile of career earnings live more than a decade less than their counterparts in the highest decile (1) . Atherosclerotic cardiovascular disease (ASCVD) remains the leading cause of death for most Americans. Even modest reductions in cardiovascular health disparities have the potential to substantially improve the health and well-being of socioeconomically challenged populations.
Accurate risk assessment of ASCVD-related events, such as myocardial infarction and stroke, is important to identify high-risk patients and apply interventions appropriately. Such risk varies by race and socioeconomic position (SEP); however, except for the population of the United Kingdom, SEP generally is not considered in cardiovascular risk assessment (2) . In 2014, the American College of Cardiology/American Heart Association Task Force on Practice Guidelines released the Pooled Cohort Equations Risk Model (PCERM) for 10-year ASCVD risk (3) . The PCERM was based on data from several large racially and geographically diverse cohort studies and modeled risk for major ASCVD events (defined as nonfatal myocardial infarction, death due to coronary heart disease, and stroke). Although the goal of the PCERM was to establish more demographically representative models for ASCVD events, it did not incorporate variation in risk directly related to SEP.
We sought to evaluate relationships among neighborhood socioeconomic conditions, clinical assessments of atherosclerotic risk, and major ASCVD events in a large observational cohort derived from routinely collected electronic health data. Specifically, we sought to quantify the predictive accuracy of the PCERM with respect to neighborhood SEP and to characterize the extent to which the PCERM and neighborhood SEP account for local variation in ASCVD event rates.
METHODS

Data Sources and Study Inclusion Criteria
With approval from the Cleveland Clinic Institutional Review Board, we analyzed data pertaining to all patients of the Cleveland Clinic Health System (CCHS) who stated they were of white or African American race; had at least 1 outpatient lipid panel performed between 1 January 2007 and 31 December 2010; and, on the date of the first such blood draw (which we classified as the study baseline time point [T 0 ]), were older than 35 years and resided in 1 of 21 northeastern Ohio counties. The restriction on race was necessary because the PCERM is applicable only to whites and African Americans. Patients who had post office boxes or missing or inaccurate information regarding place of residence (including persons who were documented as being homeless) were excluded from the analysis. (In general, approximately 0.3% of the electronic health records within the CCHS have address information that cannot be geocoded.)
Patients were excluded if they had a history of myocardial infarction; stroke; heart valve disorder; or pericarditis, endocarditis, myocarditis, or cardiomyopathy before T 0 . Variables used to generate the estimated 5-year risk for major ASCVD events from the PCERM were sex, age, race, diabetes mellitus, smoking, total cholesterol level, high-density lipoprotein cholesterol level, and systolic blood pressure, which we defined at baseline as the median of all measurements taken within 3 months of T 0 . Patients with missing baseline data necessary for PCERM calculation were excluded.
All clinical data were extracted from CCHS electronic medical records via Structured Query Language programs. Patients' locations of residence were geocoded and matched to environmental characteristics tied to the census tract in which they lived at T 0 . Census tract-level variables were extracted from the U.S. Census Bureau's Web site (4) .
Study Variables
Our primary time-to-event outcome, incident major ASCVD event, was defined as the first occurrence of myocardial infarction, stroke, or cardiovascular death after T 0 . Myocardial infarction and stroke were defined by using International Classification of Diseases, Ninth Revision, Clinical Modification, diagnosis codes from all CCHS encounters during follow-up, and cardiovascular death was defined on the basis of International Classification of Diseases, 10th Revision, cause-of-death codes I00 to I79, which were obtained from the Ohio Department of Health. (The Ohio Department of Health receives certificates for all deaths occurring in the state as well as for deaths of Ohio residents that occurred outside the state. Details are given on the Ohio Department of Health's Web site: www.odh.ohio.gov/en /healthstats/vitalstats/deathstat.) Outcome data were considered to be censored at the start date of any contiguous 2-year period with no CCHS encounters, the 
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date of noncardiac death or death due to an unspecified cause, or 1 January 2014 for any patient with T 0 after 1 January 2010, whichever occurred first. (The third censoring condition was put in place because Ohio cause-of-death data were available only through 2013 at the time of our analysis.) Follow-up for our study was 5 years. The PCERM originally was published with respect to 10-year mortality risk. To obtain 5-year estimates from the PCERM, information on the baseline hazard function from the underlying Cox regression models is required. This baseline hazard function was not published; however, the PCERM's authors did provide 5-year cumulative baseline hazard function estimates to Muntner and colleagues (5) for their validation study. In particular, the formulas required to compute 5-year PCERM risk estimates are published in an online supplement to the Muntner group's article. We used those formulas instead of the original 10-year risk equations.
To analyze aspects of neighborhood SEP associated with patients' location of residence at T 0 , we created a neighborhood disadvantage index (NDI). This index served as a single-factor representation of several variables that reflect neighborhood SEP, which we used to distribute and analyze risk associated with SEP within our sample. We derived the NDI as a specific measure of neighborhood disadvantage across northeastern Ohio.
The NDI was defined at the census tract level on the basis of the following U.S. Census 2010 variables: percentage white, non-Hispanic; percentage with a high school degree; percentage with Medicaid, aged 18 to 64 years; percentage uninsured, aged 18 to 64 years; median income; percentage of households below the federal poverty level; percentage of children living in households receiving supplemental security income, cash public assistance income, food stamps, or Supplemental Nutrition Assistance Program benefits; and percentage of households headed by an unmarried mother. We transformed these variables into their principal components and used the first principal component as the NDI (that is, a single-factor latent variable model). Except for race, all the aforementioned characteristics are reflected in the Area Deprivation Index (6), a national index of neighborhood-level disadvantage based on 2000 U.S. Census data.
Statistical Analysis
We assessed the prognostic accuracy of the PCERM-estimated 5-year ASCVD event rates within subgroups of patients defined according to selected quantiles of the NDI. Discrimination was assessed by using the concordance index (C) for censored outcomes (7). Calibration was assessed visually by comparing observed 5-year ASCVD event rates with those predicted by the PCERM within progressive risk strata-that is, patients with predicted risk less than 2.5%, those with predicted risk between 2.5% and 5.0%, those with predicted risk between 5.0% and 7.5%, and so on. We selected these risk thresholds so that they corresponded with guidelines on blood cholesterol levels from the American College of Cardiology and American Heart Association (8). Observed event rates with respect to this calibration analysis were obtained from Kaplan-Meier curves.
Census tract-level ASCVD event rates were estimated under the Bayesian framework by using the integrated nested Laplace approximation procedure of Rue and colleagues (9) , as implemented in the R-INLA package (The R Foundation) (10) . This allowed for implementation of a conditional autoregressive Weibull time-to-event model that incorporated the Besag-YorkMollié covariance structure (11, 12) . This model may be thought of as a spatial analogue of the more common autoregressive time series model, because it incorporates correlation among estimates (in our case, hazard ratio estimates for ASCVD) for neighboring geographic areas (census tracts) the same way the time series model allows for correlation among neighboring time points.
We began with a null model (model 1) consisting of only random effects for each census tract (characterized by using the Besag-York-Mollié structure). Fixed effects were added to this model-namely, PCERMestimated risk or NDI. We estimated a model that added a fixed effect for the PCERM-estimated 5-year probability of major ASCVD events to the null model (model 2), one that added a fixed effect for the NDI to the null model (model 3), and one that included fixed effects for both PCERM risk and NDI (model 4). In comparing 2 models (for example, model 3 vs. model 1), the degree by which the random-effect estimates from the model (that is, census tract-level log-hazard ratio estimates after adjustment for any fixed effects) are reduced by adding the covariates is the amount of spatial variation accounted for by the covariates. Details of these calculations are given in Appendix 1 (available at Annals.org).
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RESULTS
Of 125 449 unique patients living in northeastern Ohio who had a qualifying outpatient lipid panel drawn between 2007 and 2010 and were aged 35 years or older on the date of that lipid panel, 15 153 were excluded because of medical history (3473 with a history of myocardial infarction; 1852 with a history of stroke; 9178 with a history of heart valve disorders; and 2761 with a history of pericarditis, endocarditis, myocarditis, or cardiomyopathy). After an additional 503 patients with missing baseline data on required elements of the
Accuracy of
The NDI accounted for 65.2% of the variability in the 8 census tract-level indicators. The formula for the NDI is given in Appendix 2 (available at Annals.org). Figure 1 displays the spatial distribution of the NDI across northeastern Ohio. Relative to persons in low-NDI neighborhoods, those living in higher-NDI neighborhoods at baseline were more likely to be female, were more likely to be black, had slightly higher average blood pressure, were more likely to have diabetes, were more likely to have been prescribed antihypertensive medication or statins, were more likely to have coronary artery or peripheral vascular disease, and had higher 5-year predicted ASCVD event risk as defined by the PCERM ( Table 1) .
Across the 6 strata defined according to the NDI, stroke was the most commonly observed event, followed by acute myocardial infarction and, finally, cardiovascular death ( Table 2 ). The most common cause of censoring was unavailability of death data from the state of Ohio beyond 1 January 2014.
Performance of the PCERM with respect to discrimination and calibration is given in Figure 2 . The PCERM discriminated events from nonevents reasonably well among patients from affluent communities-with an estimated C of 0.80 (95% CI, 0.78 to 0.81) for the lowest (most affluent) 10% of communities with respect to the NDI-whereas discrimination was poorer among patients from socioeconomically challenged neighborhoods (C, 0.70 [CI, 0.67 to 0.74]) for the highest 10% of communities). Calibration performance was good among patients from affluent communities, whereas the PCERM systematically underestimated risk among those from socioeconomically challenged ones.
On the basis of our null model without covariates (model 1), we found substantial geographic variation in rates of major ASCVD events (Figure 3) , which largely corresponded to the distribution of the NDI. The ASCVD hazard rates in inner-city Cleveland were more than 3 times greater than those observed in the most affluent suburbs. The PCERM (model 2) accounted for 10.0% of census tract-level variability in ASCVD event rates, whereas the NDI (model 3) accounted for 32.0%. Incrementally, the PCERM accounted for 6.9% of census tract-level variation beyond that of the NDI, for a total of 38.9% of variation accounted for by the 2 measures (model 4). Census tract-level hazard ratio estimates from model 4 -the final model, which adjusted for both the PCERM and NDI-are displayed in Figure 4 .
DISCUSSION
In this large retrospective cohort study, we found that PCERM performance worsens among patients living in resource-challenged neighborhoods and that neighborhood disadvantage accounts for more than 3 times the amount of geographic variability in major ASCVD event rates compared with one widely accepted risk assessment tool for atherosclerotic disease (PCERM). Although our study is not the first to evaluate performance of the PCERM per se, we believe it is the first to evaluate performance within a large, heterogeneous cohort of patients that is representative of routine care practices as well as the first to evaluate performance across the socioeconomic spectrum.
Current understanding of the determinants of ASCVD outcomes, for the most part, assumes that clinical indicators directly predict individual risk and may be used to inform clinical decisions. Although it may be the case that the relationships between traditional risk factors and outcomes are different among persons from socioeconomically challenged neighborhoods, an alternative or perhaps additional explanation is that this "clinical-physiologic" model for understanding disease progression, risk, and outcomes is incomplete. The PCERM is stratified by sex and race but does not include a direct measure of SEP. Sex, race/ethnicity, and 
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SEP are intersecting in that persons may experience disadvantage in ways that are specific to distinct combinations of these 3 characteristics (13). The finding is compelling, especially when taken in the context of the immense challenges facing persons living in disadvantaged neighborhoods. In addition to the personal challenges associated with impoverishment, these residents face various neighborhood-level stressors. Comparatively speaking, disadvantaged neighborhoods lack options for exercise (including limited access to parks, trails, and sports and fitness facilities) (14) , and use of available exercise facilities in these communities is negatively affected by lack of pedestrian access, litter, vandalism, homelessness, and perceptions of danger associated with high rates of violent crime (15, 16) . Moreover, healthy food is less available (17) and more costly (18) within low-SEP communities. Finally, persons from disadvantaged communities may either not have access to or not seek quality preventive cardiovascular care.
All these relationships, and perhaps others, may explain why the PCERM performed more poorly among patients from disadvantaged neighborhoods. In particular, the PCERM systematically underestimated ASCVD event risk across the entire risk spectrum for patients from high-NDI neighborhoods. On the other end of the socioeconomic spectrum, calibration was much better, although we did observe slight overestimates of risk among high-risk patients from affluent communities. Other researchers have found that the PCERM may over-or underestimate risk depending on the subpopulation being evaluated (5, 19 -21) ; the present data suggest that this relationship varies according to neighborhood SEP. 
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At least 3 possibilities may explain why the PCERM's prediction performance may be poorer among patients from disadvantaged communities. First, the nature of the relationship between clinical risk factors and ASCVD outcomes may vary across the socioeconomic spectrum. Second, differences may exist in environmental and other neighborhood-level exposures (such as resource-poor schools, sources of chronic stress, noise, air pollution, and heavy metals) that are external to the model and affect persons from disadvantaged communities. Third, certain individual exposures (epigenetic changes, untoward prenatal exposures, and serious mental illness) might be more prevalent among residents of disadvantaged communities than those of more affluent ones.
Our results indicating PCERM miscalibration by neighborhood SEP have implications for performance assessment: To the extent that an institution's (or physician's) case mix is differentially oriented toward either end of the NDI spectrum, expected event rates may be biased. Efforts to incentivize health systems to improve population health-such as the Centers for Medicare & Medicaid Services' Million Hearts Cardiovascular Disease Risk Reduction Model (22, 23), which assigns reimbursement rates for preventive cardiovascular services based on the PCERM-may inappropriately lead to penalization of certain providers and hospitals that manage the health of socioeconomically challenged populations.
We created a new index of neighborhood disadvantage based on available data from the U.S. Census that are relevant to the challenges faced across the spectrum of socioeconomic status in northeastern Ohio. Similar in nature to other indices, such as the Area Deprivation Index (6) or the Centers for Disease Control and Prevention's Social Vulnerability Index (24), our measure includes disadvantages due to poverty, family structure, health insurance coverage, and segregation. Although those indices are used more commonly in spatial analyses of neighborhood disadvantage, we believed that a locally derived index would allow for relationships among neighborhood indicators that might be particularly representative of northeastern Ohio.
A limitation of our analysis is that given our use of an index as opposed to specific measures of each of these social and environmental determinants, we cannot identify and articulate the possible causative pathways and the contributions of specific factors in the current analysis. To begin to understand the relative contribution of race/ethnicity and neighborhood disadvantage, however, we conducted a post hoc analysis of the disparity in event rates (that is, the hazard ratio) between African Americans and whites, adjusting for PCERM-estimated risk or the NDI (Appendix Table 1 , available at Annals.org). We found that the NDI played a larger role than the PCERM in accounting for the racial disparity in event rates and that African Americans 
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had increased event rates even after we adjusted for these factors. Further work is necessary to evaluate how race, ethnicity, and neighborhood factors combine to produce health disadvantage.
Because our study involved routinely collected electronic health data, its results may be vulnerable to certain forms of sampling bias. The analyzed study cohort contained 10 times more patients from the top 5% of census tracts (with respect to the NDI) than from the bottom 5%. Also, it contained many more patients from the Cleveland metropolitan area than from outlying communities. More comprehensive data will be needed to identify whether our finding of increased ASCVD event rates in more distant low-SEP communities (such as those in Akron, Youngstown, Warren, and Canton) was the result of sampling bias or of actual differences in risk patterns. Patients from low-SEP neighborhoods were more likely to be censored because of lack of CCHS encounters (such as leaving the health system or not seeking medical care) for at least 2 years. Given that persons with censored outcomes were as healthy as those whose outcomes were not censored (Appendix Figure and Appendix Table 2 , available at Annals.org), we believe that any net effect of differential censoring on our findings likely would be directional in nature: Complete ascertainment of outcomes likely would have caused the observed miscalibration of the PCERM among patients from disadvantaged communities to be amplified. In addition, we did not analyze the effect of residential mobility or other temporal phenomena (13) . Finally, our study assumes that outcomes of patients who received treatment for cardiovascular disease diagnoses at Cleveland Clinic were independent from the patients' respective NDI values.
In summary, neighborhood SEP appears to be an important determinant of PCERM accuracy. Efforts are needed to enhance risk prediction by incorporating aspects of neighborhood SEP and discerning its systemic effects on individuals (25) . Such efforts are particularly important in the context of health disparities in ASCVD, whereby the mechanisms involved in ASCVD progression may differ qualitatively among subpopulations defined according to social strata. In addition to supplemental risk models and clinical screening criteria, a collective approach is needed to develop grass-roots and policy-oriented approaches to ameliorate the deleterious effects of neighborhood conditions on health outcomes. ͪ , where J is the total number of areas, a ij = 1 if areas i and j border each another (and a ij = 0 otherwise), and s i 2 is a variance parameter estimated in the model. Typically, the u i are restricted to sum to 0 (which in our case yielded an average hazard ratio of 1.0 across the region in the null model). The v i also are normally distributed but with no such covariance structure:
The log-hazard ratio for area i, adjusted for any fixed effects in the model, is then z i =(u i +v i ). Letting n i represent the number of patients in each area (census tract), we represented the total variation in (log-)hazard ratios as:
With the variation from the null (or reference) model (model 1) denoted ⌿ ͑Model 1͒ , the proportion of census tract-level variability accounted for by, say, our neighborhood socioeconomic status index (model 3) is given by:
͔.
APPENDIX 2: NDI
The NDI is based on census tract-level data from the American Community Survey. It represents the first principal component of 8 specific census tract-level population measures, which are listed in Appendix Table 3 .
The first step in calculating the NDI is to standardize (that is, scale and center) the raw census tract-level data; that is, subtract the sample mean from the raw value and divide the result by the sample SD. Sample means and SDs for the 8 variables involved in the calculation are given in Appendix Table 3 .
For example, the transformed "percentage white" variable (which we denote with an asterisk [white*]) for a hypothetical census tract with a 52.3% white population would be 
